Davis CJ, Clinton JM, Krueger JM. MicroRNA 138, let-7b, and 125a inhibitors differentially alter sleep and EEG delta-wave activity in rats. J Appl Physiol 113: 1756 -1762, 2012. First published October 25, 2012 doi:10.1152/japplphysiol.00940.2012.-Sleep deprivation was previously reported to alter microRNA (miRNA) levels in the brain; however, the direct effects of any miRNA on sleep have only been described recently. We determined miRNA 138 (miR-138), miRNA let-7b (let-7b), and miRNA 125a-5p (miR-125a) levels in different brain areas at the transitions between light and dark. In addition, we examined the extent to which inhibiting these miRNAs affects sleep and EEG measures. We report that the levels of multiple miRNAs differ at the end of the sleep-dominant light period vs. the end of the wake-dominant dark period in cortical areas, hippocampus, and hypothalamus. For instance, in multiple regions of the cortex, miR-138, let-7b, and miR-125a expression was higher at the end of the dark period compared with the end of the light period. Intracerebroventricular injection of a specific inhibitor (antiMIR) to miR-138 suppressed sleep and nonrapid eye movement sleep (NREMS) EEG delta power. The antiMIR to let-7b did not affect time in state but decreased NREMS EEG delta power, whereas the antiMIR to miR125a failed to affect sleep until after 3 days and did not affect EEG delta power on any day. We conclude that miRNAs are uniquely expressed at different times and in different structures in the brain and have discrete effects and varied timings on several sleep phenotypes and therefore, likely play a role in the regulation of sleep. slow-wave activity; RNA interference; antagomir MICRORNAS (MIRNAS) ARE SHORT, noncoding RNAs that regulate diverse biological functions. They do so by mediating mRNA stability and/or impeding its subsequent translation into protein. Previously, we demonstrated that sleep loss alters brain miRNA levels; the magnitude and direction of those effects and the specific miRNAs affected by sleep loss were brainstructure specific (8). Subsequently, we showed that one of the miRNAs upregulated in the hippocampus by sleep lossmiRNA 132 (miR-132)-directly alters sleep (10). However, because multiple miRNAs and their potential mRNA targets are altered by sleep (7, 23, 28), we predicted that brain miRNA levels would be different after the sleep period compared with the end of the active period. To that end, miRNA abundance was measured in multiple brain regions sampled at the end of the 12-h light or dark photoperiods in rats. Herein, we demonstrate that the expression of several miRNAs was different in specific brain structures at these two times, representing high (prelight onset) and low (predark onset) propensity for sleep.
To investigate the hypothesis that miRNAs are involved in the regulation of sleep, we injected specific inhibitors (antiMIRs) to miRNA 138 (miR-138), miRNA let-7b (let7b), or miRNA 125a-5p (miR-125a) intracerebroventricularly (ICV) and then measured sleep responses. In vivo silencing of miRNAs using modified oligonucleotides has been demonstrated previously by others (11, 12, 20) . These miRNAs were chosen because each was affected by sleep loss (8) , and there were large differences in the cortical levels of each at different times of the day. We now report that miR-138, let-7b, and miR-125a inhibitors given ICV differentially alter sleep/wake durations and nonrapid eye movement sleep (NREMS) EEG slow-wave activity (SWA; 0.5-4 Hz). Collectively, current results reinforce the hypothesis that miRNAs play a role in sleep regulation.
METHODS

Animals
Animal use was in compliance with National Institutes of Health standards and approved by Washington State University's Institutional Animal Care and Use Committee. All protocols were designed to minimize animal discomfort. Male Sprague-Dawley rats weighing 275-325 g were procured from Taconic Farms (Hudson, NY) and maintained in Association for Assessment and Accreditation of Laboratory Animal Care-approved housing at 23°C Ϯ 1°C. Rats were given food ad libitum and kept on a 12:12-h light (110 Ϯ 5 lx)/dark cycle. For tissue collection in the microarray study, animals were killed by decapitation. At the completion of the sleep studies, rats were killed by carbon dioxide inhalation, followed by cervical dislocation.
Brain miRNA Detection
Two groups of rats (n ϭ 8 each) were acclimated to the light cycle for 10 days for the determination of brain miRNA levels at the end of the light or dark periods using the bioarray miRNA assay. The end of the dark period is the beginning of the sleep period in nocturnal rats when sleep propensity is high. At the end of the light period, sleep propensity is low, as evidenced by rats showing little sleep for the next few hours if left undisturbed. Following decapitation, the hippocampus, hypothalamus, prefrontal cortex, occipital cortex, and somatosensory cortex were dissected using landmarks reported previously (6) . Each sample was immersed in RNAlater (Ambion, Austin, TX), placed at 4°C overnight, and then stored at Ϫ20°C until RNA was isolated for hybridization on microarrays. RNA isolation, fractionation, labeling, and array hybridization were performed with Ambion's isolation kit, labeling kit, and mirVana bioarrays (Cat. #1560, #1562, and #1564V2, respectively), as described previously (8) . The starting quantities of enriched, small RNAs varied between structures (23.5-51.8 g for the hippocampus, 33.8 -48.5 g for the hypothalamus, 29.0 -52.2 g for the prefrontal cortex, 19.2-46.4 g for the occipital cortex, and 20.0 -48 g for the somatosensory cortex). Equal amounts of RNA were applied to each array slide. Thus for each of the five structures, four independent samples for each time point were hybridized, according to the manufacturer's protocol. Following hybridization, array slides were scanned, and GenePix Pro 6.0 (Molecular Devices, Sunnyvale, CA) was used to digitize and quantify the array data. The array-specific, positive-control pixel densities were calculated and used to normalize pixel densities of miRNA probes in quadruplicate, and these averages were used to depict the change in miRNA species between the two time points.
Surgery
Rats used for polysomnographic recording and ICV instrumentation were anesthetized with ketamine-xylazine (87 and 13 mg/kg im). Rats were provided with a guide cannula at Ϫ1.8 mm posterior, Ϫ1.5 mm lateral to bregma, and Ϫ3.2 to Ϫ3.7 mm ventral to the skull surface. Penetration of the ventricle was determined in the following manner: pyrogen-free saline (PFS) was loaded into a sterilized apparatus consisting of 15 cm Silastic tubing (0.31 mm internal diameter/0.64 external diameter; Helix Medical, Carpinteria, CA), attached to a cannula that was secured within a guide cannula and held by the stereotax calipers. The tubing was then taped to the vertical stereotax arm and the cannula lowered to the point where the PFS column began to flow downward, indicating that the lateral ventricle had been breached. Four stainless-steel jewelry screws with wire leads were positioned at 2 mm rostral or 5.0 mm caudal to the coronal suture and Ϯ3.0 mm on either side of the sagittal suture for EEG recording. A reference screw was placed 3.0 mm posterior to lambda, and nuchal muscles were penetrated with an electromyography (EMG) wire to detect muscle tonus. All wire leads were inserted into a six-pin plug interface (Plastics One, Roanoke, VA), and dental composite (Patterson Dental, St. Paul, MN) was used to affix the electrode wires, guide cannula, and plug interface in position.
After a minimum of 5 days recovery, rats received acute ICV microinjections with 50 ng angiotensin II (Sigma, St. Louis, MO) in 4 l PFS using a PHD 2000 microinjector (Harvard Apparatus, Holliston, MA) to induce a drinking response, confirming cannula patency (13) . Only rats that consumed Ͼ5 ml water in 25 min were included in the study.
Oligonucleotide Inhibitors
Single-stranded inhibitors of miR-138, let-7b, or miR-125a (Cat. #AM11727, #AM11050, and #AM12561, respectively), hereafter referred to as antiMIR-138, antiMIR-let7b, and antiMIR-125a, respectively, were purchased from Ambion. Ambion's Negative Control #1 for antiMIRs (Cat. #AM17010) was used as a nonsensical oligonucleotide control.
Recordings and Injections
Rats were handled for 5 min for each of 5 days, during which, their cannula obturators were loosened and retightened to habituate the animal to the experimental protocol. Rats were acclimated in the recording chamber with the recording cable attached for at least 48 h before recordings began. The tethered cable connecting the differential EEG electrode pairs and EMG electrodes was attached to a six-channel commutator (Plastics One), and cables from the commutator were routed to a Grass Technologies Model 15, Model 15A54, 32-channel amplifier (Grass-Telefactor, West Warwick, RI). All amplified signals were digitized at 128 Hz. EEG was filtered below 0.1 Hz and above 100 Hz, whereas EMG was filtered below 30 Hz and above 3 kHz.
After 2 days of adaptation to the recording chamber and 30 min before light onset, animals were removed from the recording set-up, and a 4-pmole dose of antiMIR negative-control sequence was injected in a volume of 4 l over 2.5 min, after which, the animals were reattached, and recordings began for 24 h. Then, animals were detached from the tether and received antiMIR-138 (n ϭ 9), -let7b (n ϭ 8), or -125a (n ϭ 7) at the same volume and dose (4 pmole) as the control injection. Recordings resumed for the next 7 days.
The vigilance states of wake, NREMS, and rapid eye movement sleep (REMS) were manually scored offline in 10-s epochs using SleepSign for Animal software (Kissei Comtec, Nagano, Japan), as reported previously (10), except only the negative-control day and treatment days 1-3 and 7 were scored and analyzed. Briefly, NREMS was characterized by high-amplitude EEG slow waves in the 0.5-to 4-Hz range, and REMS consisted of less-varied and lower-amplitude waves with a pronounced theta component (6 -9 Hz) and low EMG activity, whereas waking was characterized by variable low-amplitude EEG waves in multiple frequencies and elevated EMG activity.
EEG signals were subjected to rodent-specific, threshold-surpassed artifact exclusion, followed by fast Fourier transformation (FFT), and were extracted using a Hanning window filter calculated by SleepSign for Animal software. For each treatment day, EEG SWA (0.5-4 Hz), during NREMS, REMS, or wake, was extracted in 12-h blocks of a light or dark period and normalized to the state-specific EEG SWA corresponding to the negative-control day 12-h light or dark period. For EEG spectral analyses, FFTs were extracted in 12-h time blocks in 0.5 Hz bins. Total spectral content for NREMS-scored epochs in the 0.5-to 20-Hz range was summed for each 12-h time block and sums averaged across the 24-h negative-control day to yield a reference value used to normalize each 12-h bin of negative-control and treatment days. Thus normalized EEG power (V 2 ) spectrum averages from the first or last 12 h of each day were expressed as a fractional percent of total negative-control power in 0.5 Hz bins.
Statistics
SPSS v.17 software (IBM, Armonk, NY) was used to perform Student's t-tests to analyze miRNA expression of miR-138, let-7b, and miR-125a at the five brain regions from extracts taken at the end of the light period or at the end of the dark period. For ICV injections, time in NREMS, REMS, and NREMS EEG SWA data were analyzed in 12-h time blocks using repeated measures one-way ANOVAs for light and dark conditions of negative-control and treatment days 1-3 and 7. Power spectrum of the first 12 h on each treatment day was analyzed using 2 ϫ 40 ANOVA with factors of treatment and 0.5 Hz bins from 0.5 to 20 with SPSS v.17 software. When the main effects or interaction effects were significant (P Ͻ 0.05), a priori comparisons of treatment at each time block or Hz were conducted with a reduced alpha of P Ͻ 0.01 to reduce family-wise error rates.
RESULTS
Brain miRNA Levels Change with Time of Day
Multiple regions of the cortex manifested higher levels of miR-138, let-7b, and miR-125a at prelight onset compared with predark onset. miR-138, let-7b, and miR-125a each showed their largest relative fold decreases in the somatosensory cortex and moderate decreases in the occipital cortex at predark onset compared with prelight onset. miR-138 also showed decreases in the prefrontal cortex at predark onset compared with prelight onset, along with let-7b but not miR125a. Higher levels of miR-138 were also observed at prelight onset in the hippocampus and hypothalamus. However, in these two structures, no differences in let-7b or miR-125a levels were detected (Fig. 1) .
The miRNA detection bioarray is semiquantitative, based on normalization to positive-control spots on each array. Thus the highest concentrations of miRNAs were detected in the hippocampus, relatively moderate miRNA levels in the hypothalamus and prefrontal cortex, and lower miRNA levels in the
occipital and somatosensory cortices. Disregarding structure and time of day, let-7b was expressed approximately threefold higher than miR-138 or miR-125a levels (Fig. 1) .
Sleep Amounts and EEG SWA Following ICV Administration of miRNA Inhibitors
AntiMIR-138. Neither NREMS nor REMS amounts were altered during the first post-antiMIR-138 injection treatment day (day 1; Fig. 2A) , typical of the delayed small interfering RNA (siRNA) effects on sleep (4, 27) . Decreased NREMS amounts observed during the light phase on days 2 and 3 were recovered by day 7 post-antiMIR-138 injection (F 4,40 ϭ 2.87, P Ͻ 0.05). AntiMIR-138 did not significantly alter the duration of REMS on any day (Fig. 2A) .
AntiMIR-138 significantly affected EEG SWA during NREMS in the light phase (F 4, 40 ϭ 7.57, P Ͻ 0.001) but not during the dark phase (Fig. 2B) . Pairwise comparisons indicate that NREMS EEG SWA was reduced substantially on treatment days 2, 3, and 7 compared with treatment day 1 or the negative-control day. Spectral analyses of NREMS-scored EEG epochs from the light period of each day indicated significant decreases in the 1.5-to 5-Hz range on treatment days 2, 3, and 7 compared with negative control (treatment: F 4, 40 ϭ 8.55, P Ͻ 0.001; Hz ϫ treatment: F 156, 1,560 ϭ 2.47, P Ͻ 0.01; Fig. 2D) .
AntiMIR-let7b. No significant changes in the amount of NREMS, REMS, or wake were observed on any day following antiMIR-let7b compared with negative-control injections (Fig.  3A) . However, antiMIR-let7b injection significantly attenuated NREMS EEG SWA during the light phase on treatment days 2, 3, and 7 compared with treatment day 1 or negative control (F 4, 35 ϭ 6.19, P Ͻ 0.01; Fig. 3B ).
Except for the 1.5-to 1.99-Hz bin on treatment day 3, power spectral analyses of NREMS-scored epochs during the light phase indicated significant decreases in the 0.5-to 3.5-Hz range on treatment days 2, 3, and 7 (treatment: F 4, 35 ϭ 7.65, P Ͻ 0.001; Hz ϫ treatment: F 156, 1,365 ϭ 2.85, P Ͻ 0.001; Fig.  3D ) from negative control. In addition, decreases in several 0.5 Hz bins within the theta range (6 -9 Hz) were also observed.
AntiMIR-125a. On day 7 after injection of antiMIR-125a, there was a decrease in NREMS amounts during the light phase (F 4, 30 ϭ 8.33, P Ͻ 0.001) and an increase in NREMS amounts during the subsequent dark phase (F 4, 30 ϭ 7.42, P Ͻ 0.001; Fig. 4A ). Conversely, wake was increased during the light phase (F 4, 30 ϭ 6.32, P Ͻ 0.01) and decreased during the dark phase (F 4, 30 ϭ 6.72, P Ͻ 0.01) compared with negative control. NREMS or wake amounts on treatment days 1-3 did not differ from negative control, and there were no significant changes in REMS amounts following antiMIR-125a treatment during the light or dark periods (Fig. 4A) . No significant changes in NREMS EEG SWA were detected (Fig. 4B) . Accordingly, NREMS EEG spectral analyses indicated no significant treatment effects on any recording day (Fig. 4D) .
DISCUSSION
A major finding reported herein is that the expression of several miRNAs differs at the end of dark vs. the end of light periods, corresponding to the peaks and nadirs of sleep propensity in rodents (2) . Thus the changes in miRNAs may be a consequence of the sleep-wake cycle or a light-dependent rhythm. The former is much more likely, given that Ͼ80% of brain mRNA transcripts that vary throughout the day do so in a sleep-dependent manner (22) . Light exposure can induce miRNA expression (5) but may be the result of local neuronal activity. Changes in miRNA expression across time were reported previously (5, 26, 30) , and the relative magnitude of those time-dependent changes was of the same order of magnitude of those reported here. The current study, whereas not collecting samples at as many time points as previous circadian rhythm studies, analyzed three areas of cortex, hypothalamus, and hippocampus, thereby enhancing the spatial resolution of miRNA expression. This approach turned out to be beneficial, as the time-of-day-dependent changes in miRNA expression are indeed different in different areas of the brain. The direction of the effect was such that the selected miRNA species in the cortex are lower in abundance at the end of the light period compared with the end of the dark period. The miRNAs studied in this report also change with sleep deprivation (8) . By comparison, all three of these miRNAs were upregulated in the hippocampus and downregulated in the hypothalamus and prefrontal and somatosensory cortices following sleep deprivation (8) .
Our finding of global downregulation of cortical miRNAs across the sleep period is contrary to the proposition made by Mackiewicz et al. (21) , who report that dicer-1 mRNA increases with sleep, thereby suggesting the enhancement of miRNA production during sleep. The endonuclease, dicer, is a core enzymatic regulator of miRNA maturation via excision of the pre-miRNA loop structure. Interestingly, dicer itself is a validated target of let-7b, potentially allowing it to affect general miRNA processing (14, 17) . However, our data support the concept of upregulated protein synthesis during sleep, also mentioned by Mackiewicz et al. (21) , because miRNAs are capable of destabilizing mRNA and/or impeding its translation (15, 16, 25) . The effect of particular miRNA expression patterns on their target mRNAs and protein synthesis remains to be shown.
Another key finding and one that demonstrates the causal nature of miRNA involvement in sleep is that injections of each miRNA inhibitor manifest separate and distinct effects on sleep phenotypes. Injection of antiMIR-138 decreased total sleep time (NREMS and REMS combined) by Ͼ1 h over treatment days 2 and 3. In humans, even small amounts of sleep loss over consecutive nights compromise daily functioning (1, 29) . The lower total sleep amounts after injection of antiMIR-138 are consistent with findings obtained using conditional dicer knockout (KO) mice; these dicer KO mice have decreased miR-138 levels compared with wild-type mice (18). The dicer KO mice also have increased motor activity, especially at the beginning hours of the light period (18) , suggesting decreased total sleep time, as we observed following antiMIR-138 treatment ( Fig. 2A) . A caveat of this interpretation is that the constituent levels of many miRNAs were altered in the dicer KO mice. Another miRNA inhibitor-specific phenotype was observed following antiMIR-let7b injection, which did not alter time in NREMS, REMS, or wake on any day, but NREMS EEG SWA was affected. Conversely, no changes were observed in EEG SWA following antiMIR-125a or initially in state amounts on treatment days 1-3; however, on day 7, there was a transition of sleep time from the light to the dark period and vice versa. The prolonged onset of these effects is intriguing yet mechanistically difficult to explain.
EEG SWA during NREMS is often interpreted as a measure of sleep intensity (2, 9) . The deficits in NREMS EEG SWA following miRNA inhibition of miR-138 and let-7b were prominent and in the case of antiMIR-138, persisted after sleep amounts returned to normal (antiMIR-let7b-induced NREMS EEG SWA deficits were also present on day 7). The majority of the NREMS EEG SWA effects occurred during the light period, which could be due to a floor effect, because in rats, NREMS EEG SWA is lower during the dark phase (3, 19) . Regardless, that the actions of miR-138 and let-7b inhibition effectively suppress NREMS EEG SWA during the light phase when the majority of NREMS and REMS episodes occurs suggests that miRNAs alter a sleep phenotype.
The expression pattern of NREMS EEG SWA following miR-138 and let-7b inhibition is consistent with the cortical array results reported herein. Cortical miR-138 and let-7b levels are low when animals are killed at the end of light, and rat NREMS EEG SWA is low at this time (3, 19, 24) . Because antiMIR-138-and antiMIR-let7b-induced decreases in NREMS EEG SWA are mostly restricted to the light phase, it may suggest that at least one of the targets of these miRNAs could be co-regulated by a circadian factor. This idea is also supported by the day 7 effects of antiMIR-125a, wherein the rats showed an arrhythmic sleep pattern (i.e., NREMS suppressed during the light and enhanced during the dark). Although speculative, it is possible that miR-125a modulates a target that is expressed in an infradian timescale. miRNAs have already been linked to circadian function, and several miRNAs themselves show a daily rhythmic expression (5, 30) , whereas others manifest an ultradian expression pattern (26) .
The latency to effect (i.e., lack of change in sleep/wake times and SWA on treatment day 1) is consistent with our previous in vivo attempts to manipulate RNA abundance (27) miRNA Inhibitor-Specific Effects on Sleep Phenotypes • Davis CJ et al. via ICV delivery with siRNAs, which use the classic miRNA enzymatic machinery. That sleep amounts after antiMIR-let7b were not altered, yet NREMS EEG SWA was affected, coupled with the observations that following antiMIR-125a, NREMS EEG SWA did not change, but NREMS duration did, would indicate that EEG SWA is independently regulated from sleep duration (9) . miRNAs have many potential mRNA targets, for instance, the miR-138, let-7b, and miR-125a lists each contain Ͼ1,200 potential targets, as determined by sequence alignment algorithms. It seems likely that miRNAs regulate sleep by affecting the stability of mRNA transcripts that have already been identified as being involved in sleep regulation or otherwise affected by sleep. Precisely how such actions are carried out in a coordinated manner to regulate sleep or other biological rhythms remains to be determined. The complexity of the miRNA actions is great in that it involves multiple target mRNAs, some being degraded and others being stabilized, time-of-day-dependent transcription of many of the target mRNAs, differential rates of translation of each target mRNA, and differential actions of the subsequent proteins on EEG SWA and sleep duration. Such complexity renders miRNA biology difficult to relate directly to physiological function at this time, although it provides a means of integrative, regulatory possibilities and richness to biology. Current results clearly demonstrate heterogeneous consequences on the sleep EEG after manipulation of miR-138, let-7b, or miR-125a and thus provide a basis for further investigations.
In conclusion, we identified three miRNAs that are preferentially expressed at the end of the active period in rodents (end of the dark phase). Two of these miRNA inhibitors affected sleep duration, two affected NREMS EEG SWA, and all appear to be involved in the long-term regulation of sleep. It is highly probable that other miRNAs, including miR-132 (10) , are also involved in sleep regulation.
